Acute myeloid leukemia and acute lymphoblastic leukemia are the most common indications for allogeneic hematopoietic stem cell transplantation. Total body irradiation (TBI) is an important part of conditioning regimens. TBI-based regimens offer advantages in sanctuary sites but are associated with significant risks of early and late side effects, including pulmonary toxicity, growth retardation, and second malignancy. TBI is also associated with technical problems, such as dose heterogeneity. With evolving techniques in radiation oncology, it is possible to focus the dose to the entire skeleton while sparing the rest of the body. This technique is called total marrow irradiation (TMI). TMI is able to deliver the same or higher doses to bone marrow while reducing toxicity. With the success of TMI, we are moving toward ultra-personalized conditioning. We review the clinical role of the irradiation-based regimens currently in clinical use, emphasizing on their strengths and limitations. Novel technologies with targeted irradiation accompanied by the modern imaging techniques and increased knowledge of the disease process can help us achieve our goal of maximum response with minimum toxicity.
INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (allo-HCT) is the treatment of choice for many hematologic conditions. Acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL) are the most common indications for allo-HCT [1, 2] . Transplantation must be preceded by administration of a conditioning regimen given to prevent graft rejection and leukemia relapse through the elimination of host T cells and reduction of the tumor burden. Conditioning may be based on either an irradiation and chemotherapy combination or chemotherapy alone. The purpose of this review is to summarize the most frequently used irradiation-based conditioning regimens, to discuss potential advantages and disadvantages of irradiation-compared to chemotherapy-based protocols in acute leukemia, and to present perspectives in this field.
TOTAL BODY IRRADIATION
As defined by the Center for International Blood and Marrow Transplant Research (CIBMTR) during the Bone Marrow Transplantation Tandem Meeting in 2006, the regimens are classified by their intensity as myeloablative conditioning (MAC), reduced intensity conditioning (RIC), or nonmyeloablative conditioning (NMAC) [3] . MAC regimens contain high doses of alkylating agents with or without TBI, leading to complete ablation of bone marrow. NMAC regimens are those that do not require stem cell support and allow recovery of the patient's own marrow. Regimens that do not fit either criterion are called RIC. There is a wide spectrum of regimens that are used as RIC. Usually, it involves reduction of ≥30% in TBI or chemotherapy myeloablative doses.
TBI is an integral part of many MAC regimens. TBI alone was first used in 1957 for acute leukemia [4] . The first successful use of TBI with cyclophosphamide (Cy/TBI) took place in 1979 [5] . The standard dose of TBI in a MAC conditioning is 12 Gy. Currently, various other TBI regimens are used, including a single fraction of 5-10 Gy, fractionated TBI of 10-14 Gy, hyperfractionated TBI up to 14-15 Gy, and other less common schedules. In addition to cyclophosphamide, various agents, such as cytarabine (AraC) [6] , etoposide [7] , melphalan [8] , and busulfan (Bu) [9] , have been combined with high-dose TBI. Due to the lack of randomized trials, there is currently no evidence suggesting that any of these combinations are superior to Cy/TBI. With the development of NMA conditioning, a single dose of 2 Gy of TBI was successfully used as the Seattle protocol [10] . This protocol was associated with 20% nonfatal graft rejection, which was reduced to 3% by the addition of fludarabine at 90 mg/m 2 [11] . RIC regimens encompass a variety of protocols, including TBI administered at a total dose of 4 to 8 Gy, which allows for dose-adjustment according to patients' age and biological status on the one hand, and the risk of disease recurrence on the other. Finally, TBI-based RIC may be administered sequentially after cytoreductive chemotherapy (e.g., FLAMSA protocol) in patients with relapsed/refractory disease undergoing allo-HCT [12] [13] [14] .
The most frequently used irradiation-based conditioning regimens are listed in Table 1 .
ADVANTAGES AND DISADVANTAGES OF TBI
TBI-based regimens have specific advantages over conditioning based on chemotherapy alone. Ionizing radiation can be delivered to sanctuary sites like brain or testes with the same efficiency as in lymph nodes or bone marrow. This is a considerable advantage over chemotherapy-based conditioning. There is no issue of cross-resistance. Application of ionizing radiation does not alter the response to chemotherapeutic agents and moreover, it usually allows for effective elimination of neoplastic cells even in heavily pretreated patients. With the development of modern radiation planning, delivery techniques and the advantages of in vivo, online dose monitoring, the prescribed dose is homogeneously delivered to the whole body without creating cold-or hot spots. Finally, radiation treatment is not associated with the issues of medication metabolism and excretion, which can limit the utility of chemotherapeutic agents.
Unfortunately, TBI is associated with a significant risk of early and late side effects. The former may include nausea, vomiting, headache, mucositis, esophagitis, decreased appetite, indigestion, parotitis, mild erythema, and fatigue syndrome [15, 16] . Late effects can be pulmonary toxicity, renal dysfunction, cataract, infertility, hypothyroidism, growth hormone deficiency (GHD) leading to growth retardation in children, and secondary malignancies. Longterm side effects may be irreversible and may affect the patient's lifespan and their quality of life [17] [18] [19] [20] .
The risk of late toxicities is particularly high in children. In a study of 129 pediatric patients who underwent TBI-based MAC for hematologic malignancies, 70.5% developed pulmonary toxicity [21] . Clinically, these patients present with the symptoms of fever, cough, hypoxia, and dyspnea. Chest radiographs often show bilateral diffuse shadowing, with pulmonary function tests showing a low diffusing capacity (DLCO) and a restrictive pattern. Pulmonary toxicities can be acute or late in onset, and encompass several syndromes broadly divided into infectious and noninfectious categories. The exact pathophysiology of these conditions is still unclear and likely multifactorial. The TBI dose rate is significantly associated with pulmonary toxicity. Other factors like TBI total dose, dose per fraction, disease type, transplantation chemotherapy, the age of the patient, sex, and donor type did not significantly impact pulmonary toxicity in a recent study [21] . Adult survivors of childhood allo-HCT using TBI for ALL demonstrated reduced -cell reserve and smaller pancreatic volume associated with reduced insulin sensitivity, leading to increased risk of diabetes and an exaggerated form of the metabolic syndrome with hypertriglyceridemia [22] [23] [24] [25] . One German study, which included 110 ALL patients, showed that 15% suffered from pulmonary symptoms and lung fibrosis, 11% developed osteoporosis, 4.5% developed hypothyroidism, and 2 patients developed diabetes mellitus following TBI [26] . TBI also affected gonadal function leading to erectile dysfunction, infertility and postmenopausal syndrome [26] .
It must be emphasized that the risk of developing some of the above-listed complications may be effectively reduced by attempts to spare the organs at risk (OAR). This can be achieved by a reduction in total dose, reduction in organ dose, fractionation, limiting the dose rate, and avoiding concomitant use of chemotherapy with similar side effect profile. Reduction in organ dose may be effectively achieved by organ shielding. This includes placement of blocks to reduce the irradiation dose to critical normal structures. Lung blocks are designed to include the pulmonary volumes identified on AP-PA films and to reduce the dose delivered to the midplane of the lungs. This has been shown to protect lung tissue and to improve overall survival (OS) after TBI in patients with compromised pulmonary function before allo-HCT. Lung shielding using lead alloy to reduce the radiation dose to the majority of the lung tissue is recommended during myeloablative-dose TBI, but not during low-dose TBI. It results in a reduction of the risk of radiation pneumonitis, particularly in patients with lung dysfunction [27] . Similarly, eye shielding and kidney blocks are also used. Despite this, many vital organs cannot be feasibly blocked during delivery of TBI, as this would also block areas of marrow and lymph nodes requiring treatment [28] . Other radio protective agents like Amifostine and Diindolylmethane (DIM) are under consideration, more studies are required to prove their efficacy [29, 30] . Some other complications, such as veno-occlusive disease, may be more frequent after the use of alkylating agents than after irradiation. A meta-analysis of four randomized trials comparing Cy/TBI with busulfan combined with cyclophosphamide (BuCy) revealed an increased risk of cataract after Cy/TBI and increased risk of irreversible alopecia after BuCy [31] . With the median follow-up of seven years, the incidence of other late complications was comparable. Considering the risk of severe side effects, radiation-free, chemotherapy-based regimens have been developed and are commonly used.
TBI-BASED VERSUS CHEMOTHERAPY-BASED MYELOABLATIVE REGIMENS FOR AML
Evaluation of the efficacy and safety of myeloablative Cy/TBI in comparison with BuCy for patients with AML treated with allo-HCT in first complete remission (CR1) was the goal of a prospective trial by a French group [32] . The outcome for Cy/TBI at 2 years was better for the probability of disease-free survival (DFS) (72% vs. 47%, p < 0.01), OS (75% vs. 51%, p < 0.02), relapse (14% vs. 34%, p < 0.04), and non-relapse mortality (8% vs. 27%, p < 0.06). A significant advantage of TBI-based compared to chemotherapybased myeloablative regimens for patients with AML in CR1 was also demonstrated by a retrospective analysis performed on behalf of the Acute Leukemia Working Party (ALWP) of the European Society for Blood and Marrow Transplantation (EBMT) [33] . The use of TBI was associated with reduced risk of relapse (hazard ratio [HR] = 0.74, p = 0.003) and improved DFS (HR = 1.2, p = 0.02).
In recent years, an intravenous (IV) formulation of busulfan became available and is associated with more predictable pharmacokinetics compared with the oral counterpart. A retrospective analysis by the EBMT ALWP including patients with AML in CR1 or CR2 showed that the risk of relapse was reduced after the use of Cy/TBI compared to IV busulfan + cyclophosphamide (HR = 0.71, p = 0.004) but the effect on DFS and OS was not significantly different [34] . Another retrospective study by the CIBMTR compared IV busulfan-based conditioning with various TBI-based regimens in patients with myeloid malignancies undergoing matched sibling or unrelated allo-HCT [35] . Among patients with AML, the use of IV busulfan was associated with superior OS rate (57% vs. 46%, p = 0.003). However, the interpretation of the result is difficult due to lack of disease-oriented multivariate analyses and high heterogeneity of the AML stages, including patients in either CR or active disease.
In recent years, chemotherapy-based regimens incorporated thiotepa. According to a recent matched-pair analysis by the EBMT ALWP including patients with AML in CR1 treated with allo-HCT, the results after thiotepa-based and TBI-based conditioning were comparable in terms of OS, DFS, relapse rate, non-relapse mortality (NRM), as well as the incidence of chronic graft-versus-host disease (GVHD). There was a trend for reduced incidence of grade II-IV acute GVHD after thiotepa-based conditioning (25% vs. 35%, p = 0.06) [36] . In parallel to chemotherapy-based regimens, the TBI-based protocols are also evolving. The German study group performed a prospective, randomized trial comparing Cy/TBI 12 Gy with TBI 8 Gy combined with fludarabine. The authors revealed that the use of RIC was associated with comparable results in patients below 40 years of age while, among older adults (40-60 years), it was associated with reduced NRM and improved survival [37] .
TBI-BASED VERSUS CHEMOTHERAPY-BASED MYELOABLATIVE REGIMENS FOR ALL
TBI is considered a standard basis for MAC in adults with ALL in CR1. Although it has never been prospectively evaluated, results of numerous retrospective analyses indicated its advantage over chemotherapy-based regimens mainly due to reduced risk of relapse. In a multivariate analysis by the EBMT ALWP restricted to patients treated in CR1 between the years 2008 and 2012, the use of TBI was associated with more than twice reduction of the risk of relapse (HR = 0.48, p = 0.004) and treatment failure (HR = 0.63, p = 0.02) compared to irradiation-free conditioning [38] . Also, in patients with primary refractory ALL who fail to achieve a CR after ≥2 courses of chemotherapy, the use of TBI-based conditioning was found to be associated with improved OS (HR = 0.53, p = 0.04) and leukemia-free survival (HR = 0.44, p = 0.01) [39] . Mitsuhashi et al. showed that IV busulfan in combination with cyclophosphamide in ALL patients may be associated with results comparable to TBI. However, the limitation of that study is that the number of patients treated was relatively small (n = 40) and, therefore, further verification is needed [40] . Similar to AML, thiotepa-based conditioning regimens are being incorporated in the treatment of ALL. Promising results have been published based on a retrospective analysis, showing leukemia-free and OS at 2 years of 58.9% and 61.4%, respectively, for patients treated in CR1 [41] .
For patients with ALL, TBI is most frequently combined with cyclophosphamide but, according to some retrospective analyses, the combination with etoposide may be at least equally effective. In a study by Marks et al. in patients treated with CR2, the use of TBI/etoposide was associated with reduced risk of relapse, treatment failure, and overall mortality compared to Cy/TBI 12 Gy [42] .
HETEROGENEITY OF TBI TECHNIQUES
Conventional TBI treatment techniques can be classified into anteroposterior/poster-anterior (AP/PA) and parallel-opposed lateral (LAT) techniques. The AP/PA technique often provides a more homogeneous dose distribution than the LAT technique, because in this dimension (relative to the lateral dimension) the reference depth at which the dose is calculated is more uniform. However, due to the lower density of lung tissue (compared to the remainder of the body), the lungs can be overdosed. Hence, lung blocks are required with the AP/PA technique. Recent advances in radiotherapy allow performing TBI on the standard treatment table with dynamic techniques. Along with three-dimensional treatment planning, it allows for OAR sparing, without the need of casting individualized shields, and for controlling dose distribution in the body, without the risk of over-or under dosage. Consequently, the data concerning the frequency and severity of late adverse effects of TBI performed with older methods are becoming obsolete, and new evidence must be gathered in order to draw conclusions on the risk and effectiveness of radiation-based conditioning regimens as compared to chemotherapy-based regimens.
While administration of chemotherapy is relatively easy and uniform, TBI is associated with multiple technical issues. TBI is very heterogeneous in terms of the dosage, timing, other technical aspects and, therefore, insufficiently standardized at the international level. The EBMT performed a survey from February to July 2013 [43] . The questionnaires were sent to all 205 EBMT centers, out of which 57 responded. The survey showed that delivery of TBI varies significantly among centers, and the total dose of TBI used varied from 8 Gy to 14.4 Gy. The TBI fractions ranged from 1 to 8, and dose per fraction from 1.65 Gy to 8 Gy. The most commonly used fractionation was 6 fractions of 2 Gy each, delivered twice daily. Not only the dose but the dose rate also varied between 11 and 30 cGy/min. A total of 91.1% of the centers used linear accelerators, while 8.9% still used Cobalt-60 machines. Most of the treatment centers used "patient in one field" with 2 fields per fraction and 2 patient positions per fraction technique. Lung was the most commonly shielded organ, but some centers also used shields for lenses, thyroid gland, larynx, kidneys, and/or salivary glands. German and American radiation oncology groups have published guidelines on the use of TBI. But the guidelines provide only general requirements and do not deal with specific details [44, 45] 
PERSONALIZED IRRADIATION-BASED CONDITIONING
Considering potential side effects and technical problems associated with TBI, various novel techniques are emerging in the field of HCT-related radiotherapy. The principle of TBI is to deliver a homogenous dose of radiation to the whole body. However, the distribution of residual malignancy may not necessarily be homogenous. Novel wide-field techniques allow more distinctive distribution of the dose, adjustment to the type of disease or even to individual patient's needs. Such personalized approaches entail potential to escalate the dose and increase efficacy, while sparing organs not involved in the disease in order to reduce toxicity.
Intensity-modulated radiation therapy (IMRT) is a technology that allows for shaping of the isodoses, by changing positions of the leaves in the multileaf collimator (MLC) during irradiation. It results in the concentration of the high-dose regions within the target volume, while relatively sparing the surrounding normal tissues. It was first introduced in 1999, and has been shown to minimize acute treatment-related morbidity, making dose escalation feasible, which may ultimately improve local tumor control [46] .
Total Marrow Irradiation
TMI focuses the dose to the entire skeleton, while sparing the rest of the body. This markedly reduces the toxicity of the treatment, while keeping the same or higher dose in the bone marrow as used in TBI. Introduction of TMI has allowed for dose escalation with acceptable toxicity, which cannot be achieved with traditional TBI techniques [47] [48] [49] [50] [51] [52] [53] . TMI can be delivered using either helical tomotherapy (HT), fixed-gantry angle linear accelerator-based IMRT, or volumetric modulated arc therapy (VMAT).
Clinically, there are multiple advantages of TMI as compared to TBI. For patients with advanced leukemia (relapsed, refractory, high risk), TMI offers a chance to escalate the dose of irradiation, therefore potentially increasing the efficacy compared to TBI, with yet acceptable toxicity. Hui et al. conducted a phase 1 trial in highrisk leukemia patients undergoing allo-HCT. The conditioning regimen included TMI + fludarabine + Cy. The TMI dose escalation to 15 Gy and 18 Gy resulted in 42% 1-year probability of OS and 22% DFS rate. This study demonstrated that TMI dose escalation is feasible with acceptable toxicity [48] . In another study by Wong et al. including relapsed/refractory AML, TMI was used in combination with etoposide 60 mg/kg and Cy 100 mg/kg. The TMI dose was escalated up to 13.5 Gy and 15 Gy resulting in acceptable toxicity [54] . Other study used 9 Gy TMI in combination with sequential fludarabine and busulfan to treat AML patients at high risk of relapse [55] (see Table 2 ). 3 Gy n = 3, 6 Gy n = 3 9 Gy n = 6, 12 Gy n = 2 1.5 Gy/fraction, BID 9 Gy TMI in combination with sequential FluBu in patients at high risk of relapse was acceptable side effects For patients with early-stage acute leukemia (CR1) undergoing allo-HCT, TMI doses equivalent to those of TBI may be equally effective, while much less toxic [56] . This may be of particular importance for older patients and those with comorbidities considered ineligible for myeloablative TBI.
TMI Combined with Total Lymphoid Irradiation
Total lymphoid irradiation (TLI) has been used for a long time to produce long-lasting lymphoid depletion and immunosuppression for solid organ transplantation [57] . The first use of TLI combined with cyclophosphamide for allo-HCT in aplastic anemia patients took place in 1980 [58] . Lowsky et al. described a non-myeloablative, chemotherapy-free protocol containing TLI in combination with anti-thymocyte globulin, which was associated with very low risk of GVHD, and the results were enhancing especially for patients with lymphoma [59] . For treatment of acute leukemia, there are current attempts to combine TLI with TMI (TMLI). Such combinations are expected to reduce the risk of graft failure compared to TMI alone. In the case of ALL, it should also increase the efficacy of eliminating disease that may reside in lymphoid tissue. Stein et al. conducted a phase-1 trial of TMLI dose escalation to 20 Gy along with Cy and etoposide in patients with high-risk leukemia undergoing allo-HCT. The study showed a 3.9% incidence of NRM at day +100 and 8.1% at 1 year. The TMLI/Cy/etoposide conditioning regimen was well tolerated at TMLI doses up to 20 Gy with no increase in GVHD [60] . 
ULTRA-PERSONALIZED IRRADIATION-BASED CONDITIONING
The whole skeleton is the target for TMI. However, the distribution of leukemic cells within bones is not homogenous. Therefore, more selective techniques focusing irradiation on particular bone marrow compartments are being considered. The bone marrow has 3 primary components: 1) trabeculae-rich osseous matrix, 2) hematopoietic active red marrow with increased affinity for cancer cells and vascular endothelium, 3) fat-reach yellow marrow with minimal hematopoiesis and scarce vasculature. The principal mechanism of action by which radiation works is by creating oxygen free radicals leading to damage to the DNA. As yellow marrow has a scarcity of vasculature, this part of the marrow is characterized by hypoxia and is more radio-resistant. Some studies have reported survival of leukemia cells in this part of the bone marrow, which was associated with leukemia resistance and/or relapse [61] [62] [63] [64] . Modern imaging techniques like whole-body dual-energy CT (DE CT) lead to better differentiation of marrow composition [65] . This can help with more selective irradiation of bone marrow compartments. A recent study evaluating irradiation of functional bone marrow included delivering high dose to the red and yellow marrow, and lower doses to the remaining skeleton [66] . This study was conducted on 7 cadavers and 6 leukemia patients. Seven cadavers were scanned with DECT and the treatment planning was simulated to target irradiation. The dose of 18 Gy was planned for red and yellow marrow, while 12 Gy was planned to the entire skeleton. While treating functional marrow with higher doses, this method reduced the dose to OAR compared to standard TMI. Such strategy can further increase the efficacy of conditioning. However, the limitation of the study was that it was a preclinical study on cadavers and we need further clinical studies.
SUMMARY
Acute leukemias are highly radiosensitive. Allo-HCT offers a chance to deliver myeloablative doses of irradiation with high antileukemic activity and therefore TBI is still widely used as a part of conditioning for both AML and ALL. In the latter case, it remains a standard of care. Novel technologies allow for very precise dose delivery to organs affected by leukemia, in particular to the bone marrow. Such targeted irradiation may further be enhanced by modern imaging techniques accompanied by increasing knowledge of the disease biology. These new techniques may represent a new era of the use of irradiation as a part of conditioning regimens emerging for prospective, clinical trials.
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